Abstract
DYT1 dystonia is a neurological movement disorder that is caused by a loss-of-function mutation in 20 the DYT1/TOR1A gene, which encodes torsinA, the luminal ATPase-associated (AAA+) protein. 21 TorsinA is required for the assembly of functional linker of nucleoskeleton and cytoskeleton (LINC) 22 complexes, and consequently the mechanical integration of the nucleus and the cytoskeleton. Despite 23 the potential implications of altered mechanobiology in dystonia pathogenesis, the role of torsinA in 24 regulating cellular mechanical phenotype, or mechanotype, in DYT1 dystonia remains unknown. 25 Here, we define the mechanotype of mouse fibroblasts lacking functional torsinA as well as human 26 fibroblasts isolated from DYT1 dystonia patients. We find that the deletion of torsinA or the 27 expression of torsinA containing the DYT1 dystonia-causing Δ E302/303 (ΔE) mutation results in a 28 more deformable cellular mechanotype. We observe a similar increased deformability of mouse 29 fibroblasts that lack lamina-associated polypeptide 1 (LAP1), which interacts with and stimulates the 30
ATPase activity of torsinA in vitro; as well as with depletion of the LINC complex proteins, 31
Sad1/UNC-84 (SUN)1 and SUN2, lamin A/C, or lamin B1. Moreover, we report that DYT1 dystonia 32 patient-derived fibroblasts are more compliant than fibroblasts isolated from unafflicted individuals. 33 DYT1 fibroblasts also exhibit increased nuclear strain and decreased viability following mechanical 34 stretch. Taken together, our results support a model where the physical connectivity between the 35 cytoskeleton and nucleus contributes to cellular mechanotype. These findings establish the 36 foundation for future mechanistic studies to understand how altered cellular mechanotype may 37 contribute to DYT1 dystonia pathogenesis; this may be particularly relevant in the context of how 38 neurons sense and respond to mechanical forces during traumatic brain injury, which is known to be 39 a major cause of acquired dystonia. 40
Introduction 41
Dystonia is a debilitating 'hyperkinetic' neurological movement disorder, which is the third most 42 common movement disorder worldwide behind essential tremor and Parkinson's disease (Fahn, TorsinA is a ATPase-associated with various cellular activities (AAA+) protein, which resides within 57 the lumen of the endoplasmic reticulum lumen and the contiguous perinuclear space of the nuclear 58 envelope (Goodchild and Dauer, 2004; Naismith et al., 2004) . AAA + proteins typically function as 59 ATP-dependent molecular chaperones that structurally remodel their protein substrates (Hanson and 60 Whiteheart, 2005) . While the substrate(s) remodeled by torsinA are unknown, torsinA is thought to 61 function within the nuclear envelope where its ATPase activity is stimulated by its membrane-62 spanning co-factors: lamina-associated polypeptide 1 (LAP1) and luminal domain-like LAP1 63 (LULL1) (Laudermilch and Schlieker, 2016 
Parallel microfiltration 158
Prior to filtration measurements, cells were washed with 1x DNase-, RNase-& Protease-free 159 phosphate-buffered saline purchased from Mediatech (Manassas, VA), treated with trypsin (VWR, 160
Visalia, CA), and resuspended in fresh medium to a density of 0.5 x 10 6 cells/mL. Cell suspensions 161
were then passed through a 35 µm cell strainer (BD Falcon, San Jose, CA) prior to each filtration 162 measurement. Next, 350 µL of each cell suspension was loaded into each well of a 96-well loading 163 plate (Greiner BioOne, Monroe, NC). The number and size distribution of cells in each well was 164 quantified using an automated cell counter (TC20, BioRad Laboratories, Hercules, CA). Finally, a 165 defined amount of air pressure, which was monitored using a 0 -100 kPa pressure gauge (Noshok  166 Inc., Berea, OH), was applied to the 96-well plate outfitted with a custom pressure chamber (Qi et al., 167 2015; Gill et al., 2017). To quantify retention volumes following filtration, we measured the 168 absorbance at 560 nm of the phenol red-containing cell medium using a plate reader (Infinite M1000, 169
Tecan Group Ltd., Männedorf, Switzerland). 170
q-DC 171
Standard soft lithography methods were used to fabricate the microfluidic devices for q-DC 172 experiments. Briefly, a 10:1 w/w base to crosslinker ratio of polydimethylsiloxane (PDMS) was 173 poured onto a previously described master wafer ( applied to individual cells, we used agarose calibration particles that were fabricated using oil-in-185 water emulsions as previously described . Stress-strain curves were obtained for 186 single cells and a power-law rheology model was subsequently fitted to the data to compute the 187 elastic modulus and fluidity of the cells. 188
Epifluorescence microscopy 189
To image cell and nuclear morphology, cells grown on No. 
Cell stretching 198
To subject cells to external mechanical stresses, we used a custom-built cell stretching apparatus 199 . We prepared elastic PDMS membranes as previously described . 200
Cells were resuspended in tissue culture media at a concentration of 5 x 10 5 cells/mL and then added 201 to individual PDMS strips and incubated for 24 h at 37 °C in cell culture incubator. To quantify 202 nuclear strain, the membranes with cells adhered were stretched by 2 mm (5% of the total length of 203 the membrane) while submerged in cell culture media for 5 min prior to imaging. To determine 204 effects of repetitive stretch on cell viability and adhesion, membranes were stretched by 2 mm at 0.5 205
Hz for 24 h at 37 °C. After 24 h, membrane-adhered cells were stained with fluorescent dyes and 206 imaged as described above. To quantify the number of cells attached to the membranes after 207 stretching, we prepared lysates of the adherent cells using a solution of 0.1 N NaOH (Sigma Aldrich) 208 and measured the total protein content of the lysates using the BioRad Laboratories D-C protein 209 assay kit. 210
Statistical methods 211
To determine statistical significance of data that exhibited non-parametric distributions including 212 transit time, apparent cell elastic modulus, cell size, cell and nuclear shape, and nuclear strain, we 213 used the Mann-Whitney U test. This is a provisional file, not the final typeset article membranes by applying air pressure. Cells that occlude the micron-scale pores due to their stiffness 221 and/or size block the fluid flow, reducing filtrate volume, and increasing the volume of fluid that is 222 retained in the top well, which we report as % retention ( Figure 1A) . We found that % retention of the Tor1a +/+ MEFs was significantly larger than the % retention of the 239 Tor1a -/-MEFs ( Figure 1D ). Consistent with these findings, we observed that MEFs isolated from 240 heterozygous (Tor1a +/ΔE ) or homozygous (Tor1a
had a significantly lower % retention than Tor1a +/+ MEFs ( Figure 1D) . Moreover, the % retention 242 measured for MEFs derived from LAP1-knockout (Tor1aip1 -/-) mice was also significantly lower 243 than control Tor1aip1 +/+ MEFs ( Figure 1F ). We confirmed that these observed changes in % 244 retention were not due to significant differences in cell size distributions (Figures 1E, G) (Figure 2A) . We confirmed that these changes in % retention were not due to 263 significant differences in cell size distributions ( Figure 2B isolated from normal control (GM00023, GM00024, GM02912) and DYT1 patients (GM03211, 294 GM03221, GM02304). We found that DYT1 patient-derived fibroblasts had consistently lower % 295 retention compared to fibroblasts isolated from unafflicted controls ( Figure 3A) . We did not observe 296 any significant effects of cell size on retention measurements of these human fibroblasts. While there 297 were some differences in cell size distributions across DYT1 fibroblast lines (Figure 3B) , we 298 consistently observed decreased % retention of the DYT1 dystonia patient-derived fibroblasts, even 299 for the GM02304 line that has a larger median cell size ( Figure 3A) . These findings suggest that 300 fibroblasts isolated from DYT1 dystonia patients more readily deform through micron-scale pores. 301 302
To validate the altered mechanotype of the DYT1 patient-derived fibroblasts (GM02304) versus 303 control cells (GM00024), we used quantitative deformability cytometry (q-DC) (Nyberg et al., 2017). 304 q-DC is a microfluidic method that enables single-cell measurements of transit time (TT), which is 305 the time that it takes a cell to transit into the micron-scale constriction of a microfluidic device in 306 response to applied pressure, and apparent elastic modulus (E a ). We found that DYT1 fibroblasts had 307 reduced median TT relative to normal fibroblasts (median TT GM02304 = 16.2 ms versus TT GM00024 = 308 24.4 ms, p = 1.5 x 10 -2 ). Since TT tends to be shorter for more compliant cells with reduced elastic 309 modulus , these findings corroborate the increased deformability of DYT1 310 fibroblasts (Figures 3C, D) . q-DC measurements can also be impacted by cell size, but we found no 311 significant correlations of q-DC measurements with cell diameter (d) by linear regression analysis 312 (Pearson's r GM02304_TT vs d = 0.0, Pearson's r GM00024_TT vs d = -0.1), suggesting that these observations of 313 the altered DYT1 dystonia-derived fibroblast mechanotype does not depend on cell size. Using 314 DYT1 dystonia patient-derived fibroblasts have increased deformability and susceptibility to damage by mechanical forces 8 This is a provisional file, not the final typeset article power law rheology to extract measurements of E a (Nyberg et al., 2017) , we found that DYT1 315 patient-derived fibroblasts have reduced median E a compared to controls, although the reduction was 316 not statistically significant (Figures 3E, F) . Collectively, our PMF and q-DC measurements indicate 317 that DYT1 dystonia patient-derived fibroblasts are more deformable than control fibroblasts. 318
DYT1 dystonia patient-derived fibroblasts display altered nuclear morphology 319
Cellular and nuclear shape reflect a balance between cell-matrix adhesion, cellular force generation, 320 mechanical stability of the cellular cortex and nuclear envelope, as well as nuclear- Figure 1A) . Since intracellular forces pulling on the nucleus 334 can result in an increased nuclear area (Iyer et al., 2012), we next measured the projected area of 335 nuclei in these cells, but found no significant differences between fibroblasts isolated from DYT1 336 dystonia patients or controls (Supplementary Figure 1B) . Cell-to-nuclear size ratio was also similar 337 across cell types, indicating that nuclear and cellular size scale similarly in DYT1 dystonia patient-338 derived fibroblasts and control cells (Supplementary Figure 1C) . 339 340
We next investigated nuclear shape, which is impacted by cytoskeletal-generated forces as well as the 341 inherent mechanical stability of the nuclear envelope (Rowat et al., 2008; Makhija et al., 2016) . 342
Given the altered physical connectivity between cytoskeleton and nucleus in DYT1 dystonia patient-343 derived fibroblasts, we reasoned that these cells may exhibit altered nuclear morphology. To quantify 344 nuclear shape, we measured common metrics including aspect ratio and circularity. We found that 345 nuclei in fibroblasts isolated from DYT1 dystonia patients have a slightly larger aspect ratio than 346 normal fibroblast nuclei, reflecting how they are more elongated as compared to controls (Figures  347  4A, B) . Consistent with this, we also found DYT1 dystonia patient-derived fibroblasts have an 348 increased cellular aspect ratio compared to normal control fibroblasts (Figures 4A, C) and C = 1 for a perfect circle. However, we observed only minor differences in nuclear circularity 352 between DYT1 dystonia patient-derived and normal fibroblasts (Figure 4D) , which is consistent with 353 the slightly elongated nuclear shapes that we observed in the fibroblasts isolated from DYT1 dystonia 354 patients. Our findings that the DYT1 dystonia-causing Since fibroblasts isolated from DYT1 dystonia patients are more deformable than controls, we next 364 tested the hypothesis that DYT1 fibroblasts exhibit increased cell death following exposure to 365 mechanical forces. To test this hypothesis, we grew DYT1 dystonia patient-derived fibroblasts 366 (GM03211, GM02304) and normal controls (GM00023, GM00024) on an elastic collagen-coated 367 PDMS membrane and subjected the resultant membrane with adhered cells to uniaxial mechanical 368 stretch (5% strain). To quantify the magnitude of strain experienced by nuclei, we acquired images of 369 cells in static and stretched conditions. We found that DYT1 dystonia patient-derived fibroblasts cells 370 exhibited larger changes in nuclear area (strain) compared to control fibroblasts in response to the 371 same magnitude of strain of the underlying substrate (Figures 5A, B) . These observations of 372 increased nuclear strain are consistent with the DYT1 fibroblast nuclei being more deformable than 373 those in control fibroblasts. These findings also suggest that DYT1 dystonia fibroblast nuclei are 374 deforming more in response to external mechanical stresses than control fibroblast nuclei despite the 375 requirement of torsinA for nuclear-cytoskeletal coupling via the LINC complex (Saunders et we next determined the viability of DYT1 dystonia patient-derived and control fibroblasts after 381 repeated cycles of stretch and relaxation at 5% strain and 0.5 Hz over 24 h. Visual inspection of 382 fibroblasts in stretched versus static samples revealed major morphological differences between 383 fibroblasts isolated from DYT1 dystonia patients compared to control cells after 24 h. In contrast to 384 the aligned morphologies of control fibroblasts, which appear similar in both stretched and static 385 samples, the stretched DYT1 fibroblasts were misaligned and exhibited irregular shapes ( Figure 5C ).
386
To evaluate their viability after stretching, we acquired images of these cells stained with propidium 387 iodide and used quantitative image analysis to count the number of dead cells in each sample. While 388 normal fibroblasts showed no significant cell death after stretching, we observed a marked 57-62% 389 reduction in the viability of DYT1 fibroblasts compared to static control, indicating their reduced 390 survival following exposure to mechanical stresses ( Figure 5D, Supplementary Figure 2) . Since the 391 response of cells to stretch depends on cell-substrate adhesions, we also assessed the number of cells 392 that remained adhered to the PDMS substrate after stretching by quantifying the total protein content 393 of cells lysed from the PDMS membrane. We found a significant ~17-58% reduction in protein 394 content for the stretched DYT1 cells relative to static control, showing that there was significant 395 detachment of cells from the substrate over the 24 h stretching period. By contrast, over 90% of the 396 control cells were adhered to the membrane after 24 h ( Figure 5E ). The increased detachment of 397 DYT1 dystonia patient-derived fibroblasts is consistent with a previous report of altered integrin-398 mediated adhesion in these cells (Hewett et al., 2006; Kim et al., 2018) . Collectively, these findings 399 indicate a striking difference in the response of DYT1 dystonia patient-derived fibroblasts to 400 mechanical stretch, which could be attributed to their reduced mechanical stability, altered 401 mechanosensation, and/or impaired mechanosignaling. As molecular mediators of mechanotype are 402 generally conserved across cell types (Chang et al., 2015a), we anticipate that our observations of 403 altered mechanotype in human and mouse fibroblasts may also be observed in neurons, which may 404 have important consequences for DYT1 dystonia pathogenesis. 405 406 DYT1 dystonia patient-derived fibroblasts have increased deformability and susceptibility to damage by mechanical forces 10 This is a provisional file, not the final typeset article 
